Elements of gp120 that are relatively well conserved among HIV-1 isolates fold into a "core," which has been crystallized evolved to resist antibody-mediated neutralization. We previously reported the structure at 2.5 Å of a gp120 core from in a complex with the two amino-terminal domains (D1D2) of CD4 and the antigen binding fragment (Fab) of the human the HXBc2 laboratory-adapted isolate in complex with a 2 domain fragment of CD4 and the antigen binding fragment neutralizing antibody, 17b [15]. The gp120 core is composed of inner and outer domains, which reflects the likely orientation of a human antibody. This revealed atomic details of gp120-receptor interactions and suggested multiple mechanisms of of gp120 in the assembled trimer, and a bridging sheet. Components of both domains and the bridging sheet contribute to immune evasion. CD4 binding. CD4 binds in a recessed pocket on gp120 to a surface that is larger than that occluded by a typical antibodyResults: We have now extended the HXBc2 structure in P222 1 crystals to 2.2 Å . The enhanced resolution enabled a more protein interaction. The interface displays several unusual features, including a shallow, water-filled cavity that is thought to accurate modeling of less-well-ordered regions and provided conclusive identification of the density in the central cavity at function in immune evasion (a similar topological mismatch is seen in the complex between the adenovirus virus and its the crux of the gp120-CD4 interaction as isopropanol from the crystallization medium. We have also determined the structure cellular receptor, CAR [19]). A second interfacial cavity penetrates into the hydrophobic interior of gp120; it is bounded of a gp120 core from the primary clinical HIV-1 isolate, YU2, in the same ternary complex but in a C2 crystal lattice. Compariby conserved interior gp120 residues derived from all three domains and by Phe-43 of CD4. Mutagenesis, conservation, sons of HXBc2 and YU2 showed that while CD4 binding was rigid, portions of the gp120 core were conformationally flexible; and structural analysis all indicate that this "Phe-43 cavity" and its surrounding structures are critically important for CD4 overall differences were minor, with sequence changes concentrated on a surface expected to be exposed on the envelope binding. The Phe-43 cavity thus constitutes a conserved, spatially localized feature in a large, otherwise relatively variable oligomer. gp120-CD4 interface. The chemokine receptor binding surface of gp120 is thought Conclusions: Despite dramatic antigenic differences between primary and laboratory-adapted HIV-1, the gp120 cores from to be composed of variable and conserved elements and to be oriented toward the target cell membrane by CD4 binding these isolates are remarkably similar. Taken together with chimeric substitution and sequence analysis, this indicates that [15]. The third variable (V3) loop sequence determines the choice of chemokine receptor [9, 20-22]. In addition, a highly neutralization resistance is specified by quaternary interacconserved gp120 structure near the bridging sheet has been 7 To whom correspondence should be addressed (e-mail: kwong@convex. hhmi.columbia.edu).
shown to undergo conformational changes upon CD4 binding, to contain residues important for CCR5 binding, and to serve as a target for neutralizing antibodies that block chemokine receptor binding [ Whether free or complexed with receptors or neutralizing antibodies, additional structures of the HIV-1 envelope glycoproteins derived from primary, clinical HIV-1 isolates will provide insights useful in the quest for HIV-1 therapeutics and vaccines. Here we report the refined structure at 2.2 Å of a gp120 core derived from a laboratory-adapted, HIV-1 clade B isolate, HXBc2, in a complex with D1D2 of CD4 and the Fab fragment of the 17b antibody. We also report the structure at 2.9 Å of a gp120 core derived from a primary HIV-1 clade B isolate in the same ternary complex. This primary clinical iso- The HXBc2 ternary complex crystallized in the relatively rare space group P222 1 [36, 37] . Crystals generally diffracted to a Bragg limit of 3.5-2.5 Å , and we previously published the strucHXBc2 core, residues 1-181 of CD4, residues 1-214 of the 17b antibody light chain, residues 1-229 of the 17b antibody heavy ture of this complex at 2.5 Å resolution. Despite extensive refinement, many details, including the identity of a large cenchain, 14 N-acetylglucosamine residues, 2 fucose residues, 953 water molecules, and an isopropanol molecule. The higher tral density that dominated the Phe-43 cavity, remained ill defined at this resolution. In addition, several of the biologically resolution data permitted more precise solvent modeling, which in turn created a low-resolution model (at 4.5-5.0 Å , the important loops displayed high atomic-mobility (B) factors and were not accurately modeled.
R value was 17% with an R free of 25%) that was more accurate overall. This enabled mobile portions of the complex to be By optimizing cryocooling techniques [38] , using a higherionic-strength stabilizing solution, and screening several dozen modeled accurately. While the overall refined model was similar to the previously published structure, some of the more mobile crystals, we were able to collect data to 2.2 Å resolution, a 150% increase in constraints over the previous 2.5 Å data.
portions differed significantly; the root-mean-square (rms) difference in backbone was 0.6 Å for atoms with B values less than The diffraction was highly anisotropic, with an atomic-mobility factor along the a axis of 16 Å 2 with respect to the c axis. 50 Å 2 and 2.5 Å for atoms with B values greater than 50 Å 2 . The YU2 ternary complex displayed unusual polymorphism. Nonetheless, the electron density maps calculated from these data were of much better quality, which enabled us to decipher Six different crystal forms grew in the initial "crystal screen" (Hampton Research), which increased to ten different morpholmore cryptic portions of the structure. The relatively high final R value of 26.8% (20-2.2 Å , all data Ͼ 0, R free ϭ 32.9%) reflected ogies after optimization. In conditions similar to those that ultimately yielded the 2.9 Å resolution C2 crystals, at least five the anisotropy and relatively poor data quality. In contrast, the geometric parameters were well satisfied and typified a highother kinds of crystals grew, as follows: large single C2 plates that only diffracted to 6 Å ; highly twinned needles that difquality 2.2 Å structure. The final model was composed of 8322 atoms and comprised residues 93-397 and 410-492 of the fracted to 2.5 Å along the needle axis, but only to 6 Å otherwise; two needles in different P1 lattices that diffracted to 4 Å and than in HXBc2, which is a consequence of the less ordered overall diffraction. C␣-rms deviations between YU2 and HXBc2 7 Å ; and a blocky, rectangular crystal that showed no diffraction at all. The combination of polymorphism, non-single crystals, correlate with B factors, and this suggests that differences between the two structures are in part related to their internal and generally weak diffraction frustrated the YU2 structure determination. Optimization was only possible by seeding to mobility. Sequence differences between YU2 and HXBc2 are primarily retain a particular crystal lattice.
The YU2 ternary complex was solved by molecular replacein the outer domain. Of the 41 changes, 1 is in the bridging sheet (97% identity), 5 are in the inner domain (95% identity), ment with the refined HXBc2 structure. It has been refined to a final R value of 20.7% (20-2.9 Å data, data Ͼ 0, R free ϭ 29.6%). and 35 are in the outer domain (79% identity). Perhaps surprisingly, overall domain structural deviations between HXBc2 and Data were also anisotropic, though this was less evident because the overall diffraction stopped at 2.9 Å . The final model, YU2 do not correlate with amino acid conservation. Superimposing the respective HXBc2 and YU2 domains shows that composed of 7719 atoms, comprises residues 86-492 of the YU2 gp120 core, residues 1-181 of CD4, residues 1-214 of the the outer domain has an rmsd of roughly half those observed for the inner domain and the bridging sheet ( Table 1 spite these large differences in sequence, the V4 loop has not V5 variable loops). Thus, the ordered core is essentially unbeen shown to play an important role in determining the HXBc2 changed in the refinement, but some of the more mobile porand YU2 neutralization-resistant phenotype. tions have now been modeled more accurately. Given the overall high-level sequence identity between these two HIV-1 isolates, the absolute magnitude of sequence differences does not appear to be critical for predicting structural Refined Structure of YU2 gp120 divergence or functional phenotype. Nonetheless, the differ-A ribbon diagram of the 2.9 Å YU2 core gp120 is shown in the ences cluster on a surface that is predicted to be solvent right panel of Figure 2a Figure 3) . As may be excies profiling of gp120 reveals that much of the outer domain pected from this 86% identity, C␣ superposition shows that has numerous advantageous variants; indeed, the site of greatthe two structures are virtually identical (Figure 2b ). Changes est variation between HXBc2 and YU2 (except the variable in the secondary structure of more than a single amino acid loops) is the ␣2 helix, which is also the most advantageous are found only in the following four places: the N terminus, variant-dense region of core gp120 [40] . Figure 4 shows that where the tenuously ordered ␤0 strand in the HXBc2 structure these changes significantly alter the surface of the core that appears to be displaced by a lattice contact with the N terminus is exposed to the immune system. of the 17b heavy chain; the V1/V2 stem, where the antiparallel hydrogen bonding is extended by three amino acids; the ␣4 helix, where the carbonyl of 388 makes a hydrogen bond to Receptor-gp120 Interactions Receptor binding surfaces on the gp120 core are virtually identhe hydroxyl of Thr-392 (asparagine in HXBc2) instead of to the 392 backbone nitrogen; and the highly divergent V4 loop, tical in sequence between HXBc2 and YU2. There are two changes in the CD4 binding region; at 279, aspartic acid in which was disordered in the HXBc2 structure but is fully ordered in YU2, along with its two sites of N-linked glycosylation.
HXBc2 changes to asparagine, and at 460 asparagine changes to lysine. The aspartic acid-to-asparagine change alters a sinIn addition to the correlation in secondary structure, a strong correlation between B factors is also seen (Figure 3 ), although gle atom and changes a weak repulsive interaction with the mobile Asp-89 side chain of CD4 into a possible hydrogen the atomic mobilities of YU2 are generally quite a bit higher ing sheet itself, suggests orientational flexibility in the chemokine receptor binding site. If lattice forces change the orientation of the relatively rigid CD4 domains, it would be reasonable to expect such forces to alter the orientation of gp120 with respect to CD4 as well.
The Central Cavity between CD4 and gp120 When the 2.5 Å ternary complex was reported [15], a central However, when core gp120 or either of its domains (inner or outer) is superimposed, the resultant position of CD4 is only mystery was the identity of the density dominating the Phe-43 cavity at the nexus of the interaction between the inner 0.5-1.0 Å removed from optimal superposition ( Table 1 ). These (Interestingly, refinement of the two different isopropathe others also displayed a B factor that was less than half those of the others and showed hydrogen bonding to two nol orientations with 2.2 Å data that was truncated at 2.5 Å showed no discrimination in overall R values. This suggests other well-resolved waters in the cavity. This three-water model conforms well to an isopropanol (with the exception of a central that the extension of the refinement to 2.2 Å resolution was crucial for isopropanol identification.) carbon), a major component of the crystallization medium. In isopropanol, the hydroxyl-peripheral carbon distance (2.4 Å )
The refined B factors of the isopropanol were comparable is neutralization resistant [30]. Apparently, subtle differences in a specific part of the gp120 monomer can result in significant effects on antibody binding to the assembled trimer. Interacto the surrounding protein side chains. This suggests that it is tions among the major variable loops of each subunit are likely not only well ordered, but of high occupancy. Because the to play a role in masking the conserved gp120 core epitopes. gp120 core-D1D2 CD4/17b complex was formed prior to crysThe difference in neutralization resistance between primary tallization [37] , the isopropanol had to penetrate into the cavity and laboratory-adapted isolates is exemplified by the differfrom the exterior solvent. Ordered water molecules, demarking ence in binding of the 17b antibody, which is present in both a path into the cavity between the bridging sheet and the inner of the ternary complexes described here. 17b binds well to domain, suggest a route of entry (Figure 5c ). The observed monomeric core and monomeric full-length gp120 from both flexibility of both the bridging sheet and this portion of the YU2 and HXBc2. It also binds oligomeric HXBc2 envelope inner domain support this notion.
glycoproteins and neutralizes the HXBc2 virus. However, 17b binding to oligomeric YU2 envelope glycoproteins or the YU2 Discussion virus is less efficient, and V3 loop substitution changes the phenotype of 17b neutralization of HXBc2 into that of YU2.
Primary and Laboratory-Adapted Viruses
In terms of CD4 interaction, numerous reports note an inThe ability of HIV-1 to evade immune clearance is a hallmark crease in the ability to bind CD4 (or to be neutralized by sCD4) of the virus as well as the basis of its ability to maintain a or to infect cells with low levels of CD4 expression as a consepersistent, and ultimately fatal, infection. Evasion of the huquence of laboratory adaptation [49] [50] [51] [52] [53] . Measurements of the moral immune response is due primarily to the structure of the affinity for CD4 of primary and laboratory-adapted isolates, HIV-1 envelope glycoproteins, particularly the exterior gp120 however, show that differences exist only in the context of the envelope glycoprotein.
oligomer [54] . Analysis of the thermodynamics of CD4 binding The gp120 glycoprotein also functions in virus entry. In order to full-length monomeric YU2 and laboratory-adapted gp120 to bind a receptor, it must expose constant regions; but in shows that both exhibit the same unusual thermodynamics order to avoid immune detection, it must hide constant regions.
(
[16]; M. Doyle, personal communication). Structural compariThis functional dilemma results in viruses that are optimized
son of CD4 binding to YU2 and to HXBc2 shows that the differently depending on the selective conditions under which orientation of CD4 is rigidly determined by gp120 and that the virus grows. In an individual with a vigilant immune rethe orientation is the same for both primary and laboratoryadapted gp120 cores. sponse, evasion of this response is essential. Primary, clinical 
These results suggest that the determinants that encode for

Generality of gp120 Structure
The determination of a second gp120 ternary complex permits differences in neutralization resistance and CD4 binding affinity analysis of the generality of many of the specific structural do not reside on the core but in oligomeric interactions of the features observed in the initial HXBc2 structure. The conservamajor variable loops, which emanate from the core. These tion of secondary structure, receptor binding features and the oligomeric loop contacts serve to control or to modulate the central Phe-43 cavity is presented above; other biologically action of the core. Structural analysis of the YU2 and HXBc2 important features are addressed here. cores shows that most of the structural differences are the Cavities result of inherent flexibility coupled with different lattice conBecause cavities are calculated as the difference of solvent tacts. In the same manner that lattice contacts alter the core, accessible surfaces, they are sensitive to small positional devioligomeric contacts may use conformational deformation to ations. We find that small cavities internal to the gp120 strucmodulate core mechanisms of evasion and receptor binding. ture are subject to considerable variation. The one internal Such oligomeric modulation is reminiscent of the classic quagp120 cavity that is conserved is at the interface between the ternary regulation observed in vertebrate hemoglobins [55] .
inner and outer domains, about 10 Å proximal to the core The virus adapts to selective pressures on the envelope by termini from the Phe-43 cavity. The large shallow interfacial mutational substitution. Because of functional conflicts, mutacavity observed in the HXBc2 structure between CD4 and tions that enhance neutralization resistance likely decrease gp120 is much smaller in the YU2 structure, with side chain propagation efficiency. A switch capable of responding rapidly conformational differences altering its shape. These differto imposed requirements for propagation efficiency versus ences, however, should not affect the function of this outer neutralization resistance would provide clear advantages in (such as the terminus of the V1/V2 stem) assume different be expelled upon receptor binding, which creates an empty hydrophobic cavity. The subsequent collapse of this cavity is conformations even though the sequence is conserved. Still others, such as the V4 loop, are divergent in both sequence thought to drive conformational changes associated with virus entry [63] [64] [65] . and structure. In general it appears that the loops are mobile and that structural similarity is the result of similar lattice packWith gp120, there is no evidence for the existence of a "pocket" in the absence of CD4; rather, the unusual thermodying (the V5 loop, for example, makes a lattice contact with the constant portion of a symmetry-related 17b heavy chain that namics of CD4 binding [16] suggest that the cavity may only be formed when CD4 is bound. The functional importance of is conserved in both crystal lattices).
the HIV-1 Phe-43 cavity remains to be determined. In SIV, tryptophan replaces Ser-375, which is a change that would be Phe-43 Cavity: Functionality and Therapeutic Target As discussed above, the Phe-43 cavity is preserved in both expected to fill the cavity; differences between HIV-1 and SIV in terms of requirements for CD4 usage might be related to the HXBc2 and YU2 ternary complexes. Similarly positioned hydrophobic interfacial cavities are observed in the structures these structural differences. Whatever its function, sequence analysis suggests that the Phe-43 cavity is conserved in HIV-1. of poliovirus and its cellular receptor, PVR [60, 61] , and rhinovirus and its receptor, ICAM-1 [62]. In each of these latter cases, Its presence in both HXBc2 and YU2, along with similarly positioned cavity densities, argues for functional relevance. the interfacial cavity is substantially larger, and prior to receptor binding it appears to be filled by a "pocket factor," which is
The presence of isopropanol in the HXBc2 crystals suggests that lead compounds directed to this central cavity can be thought to be a lipid molecule. This pocket factor appears to contacts, not to sequence-related structural changes. Mecha- Table 3 . c Patterson correlation for 10-4 Å data.
YU2: Crystallization, Data Collection, Structural Determination, and Refinement
The ternary complex of YU2 gp120 was prepared as described previously analyzed by simple soaking experiments. Cavity binding com- [37] Table 3 .
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